to the evolution of equatorial Pacific SSTs, and may provide the dynamic mechanism whereby the ocean/atmosphere teleconnection mode described here influences the development of the ENSO system. We find that this influence appears to be related to a modification of the basin-scale heat content over the central and eastern tropical Pacific, however significant discussion is provided concerning alternative hypotheses.
Introduction
Sea-surface temperature anomalies (SST) have been shown to act as an effective, large-scale boundary forcing of the climate, principally during hemispheric winter (Kumar and Hoerling, 1998; Zheng et al., 2000; Shukla et al., 2000) . As an example, the El Niño/Southern Oscillation (ENSO) phenomenon, which entails the relative warming of the sea surface temperatures (SSTs) over the Environmental Data Analysis Center (JEDAC), which uses an optimal interpolation procedure to produce 5x2.5 degree gridded values of temperature, mixed-layer depth and heat content (verticallyintegrated from the surface to 400m -White, 1995; White, Personal Communication) , from . As with the reanalysis data, we will examine the seasonal mean fields for January-March unless otherwise noted.
We also include time-series data for various oceanic and atmospheric indices, taken principally from the NOAA-CIRES Climate Diagnostics Center (see acknowledgments for data availability). The primary observational index is the NINO3.4 index, which is defined as the areaaveraged SST anomalies between 5N-5S and 170-120W and is designed to capture variability in the SST field over the equatorial Pacific. Other indices include the Western Pacific (WP) and Trans-Niño Index (TNI); references for each are provided in the text.
Results
To detect and isolate the major large-scale atmospheric/oceanic patterns, the NCEP reanalysis data are used to compute empirical orthogonal functions (EOFs) for the area-weighted, boreal wintertime (January-March) sea-surface temperature anomalies from 15S-55N, as well as for the contemporaneous 250mb zonal wind anomalies from 0-60N, which characterize large-scale and free-atmospheric dynamics associated with major steering patterns (Arkin, 1982; Trenberth et al., 1998) . The EOFs for the SSTs are limited to 55N due to spurious values seen in the far northern Atlantic and Pacific (Hurrell and Trenberth, 1999) ; in addition, they are extended south to 15S in order to encompass the full anomalies associated with equatorial Pacific SST forcing. The 250mb zonal wind anomalies are limited to the winter hemisphere (i.e. the northern hemisphere) because of the strong response of the hemispheric winter climate system to SST variations (Kumar and Hoerling, 1998; Zheng et al., 2000; Shukla et al., 2000) . To analyze the correlation between spatial and temporal patterns within the SST and analyzed wind fields, we perform a canonical correlation analysis (CCA -Bretherton et al., 1992) . This technique attempts to minimize the variance between a subset of the zonal wind and SST EOF time-series in order to produce a set of canonical factor (CF) time-series that isolate the highest correlated modes of variability within the two datasets; the subset of EOFs used for the CCA is limited to the first nine (9) for the zonal wind field and the first seven (7) for the SST field, which explain 79% (77%) of the northern hemispheric JFM zonal wind (SST) variability.
Overall, both the spatial and temporal patterns for the first canonical factor (CF1) are related to the El Niño/Southern Oscillation (not shown). The correlation between the two canonical factor time-series is 0.97. The SST map for the first canonical factor (explaining 33% of the total equatorial/Northern Hemisphere JFM variability) is characterized by strong warming in the Hemisphere zonal wind variability) is characterized by a dipole feature over the extratropical Pacific basin. In addition there is a negative equatorial anomaly over the eastern Pacific with wave-like features extending into North America and the extratropical Atlantic sector.
It should be noted that despite the SST anomalies in the eastern equatorial Pacific, this mode of variability is not related to the concurrent ENSO state (r=0.13/0.12 for the NINO3.4 and SST/zonal-wind time-series) nor the ENSO state from the previous year (r=0.20/0.09 for the JFM NINO3.4 and the lagged JFM SST/zonal-wind time-series). Instead, the SST structure is qualitatively similar to a previously-identified non-ENSO tropical Pacific SST index (the TransNiño Index - Trenberth and Tepaniak, 2001 ) and shows some temporal correlation with the index itself (r=0.30 and 0.26 for the SST and zonal wind time-series respectively). This correspondence is particularly true for the period 1978-2000 when the correlations rise to r=0.54 and 0.59 (for the SST and zonal wind time-series respectively); prior to this period however, the correlations are actually of opposite sign (r=-0.20 and -0.27 for the period [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] , suggesting that the two time-series may represent separate, but intermittently related, phenomena.
In comparing the CF2 mode of variability with numerous other indices of Northern Hemisphere climate variability, it appears to be most strongly correlated with the Western Pacific (WP) pattern isolated within the northern hemisphere 700mb height field (Barnston and Livezey, 1987) (r=0.47 and 0.56 for the SST and zonal wind time-series respectively). A similar WP-type pattern has also been isolated by applying a single-value decomposition (SVD) to the covariance matrix between the northern hemisphere wintertime 500mb heights and global surface temperatures (including land surface temperatures -Koide and Kodera, 1999), suggesting that the pattern isolated via CCA is not a statistical artifact of the technique itself. We also obtain similar SST and upper-air zonal wind structures when we perform a Maximum Covariance Analysis (MCA) by applying a single-value decomposition to the combined SST/zonal wind anomaly matrix (after normalizing, area-weighting, and adjusting for the number of grid-points -not shown); however, when using the MCA technique, the ocean/atmosphere mode of variability discussed here is the 4 th Principal Component due to the small amount of total variance explained within the two respective fields. This re-arrangement highlights a subtle, but useful, difference between the MCA and CCA techniques. Whereas MCA orders the isolated components based upon the total fraction of squared covariance explained, the CCA technique orders factors based upon correlation values between the respective time-series and can thereby isolate modes which may explain a lesser amount of variance but are more highly correlated.
As mentioned, this mode of variability only explains a small fraction of the total northern hemisphere zonal wind variance. However, this mode of variability may still be an important component of the large-scale climate system in that it may play a role in the subsequent evolution of the ENSO phenomena. In particular, the lagged correlation between the second canonical factor time-series and the following year's first canonical factor time-series (representative of ocean/atmosphere variability associated with ENSO) indicates that the CF2 time-series has a moderate, but significant, negative lead correlation with the ENSO-related CF1 signal (r=-0.56 and - indicates that the correlation is not due to persistence in the equatorial SST signal; for instance a warm water tropical Pacific anomaly associated with the CF2 field correlates with a La Niña event (i.e. cold water anomaly) in the SST fields the next year.
These findings indicate that there may be a dynamic mechanism whereby this mode of variability in the ocean/atmosphere, although small, can in fact influence the full ENSO state the following year. As mentioned, a similar upper-air pattern, related to the Western Pacific mode, has been found by applying a SVD to the covariance matrix between the northern hemisphere wintertime 500mb height patterns and global surface temperatures (Koide and Kodera, 1999) . This WP-type pattern, in turn, has been related to wintertime SST anomalies in the South China Sea, (Ose, 2000) , which have also been shown to have a lead relationship with ENSO anomalies the following year (Ose et al., 1997) . However, the lead correlation between the wintertime WP itself and the following wintertime NINO3.4 index is only -0.35. Still, these results further suggest that the ocean/atmosphere pattern isolated here may be related to the evolution of the ENSO system. In addition, it is important to note that although the correlation between the TNI (which also has a lead relation with ENSO -Trenberth and Tepaniak, 2001) , and the CF2 time-series breaks down prior to suggesting that the lagged correlation between ENSO and the CF2 mode of ocean/atmosphere variability holds both before and after the climate regime shift in 1978 (Trenberth, 1990) .
To better diagnose the atmospheric structure associated with this mode of variability, we correlate the second canonical factor time-series of 250mb zonal winds with atmospheric dynamic and thermodynamic fields ( Figure 3 ). For this figure, both the seasonal and ENSO-related signals are linearly removed (the former by removing the climatological seasonal mean; the latter by removing the linearly-correlated ENSO signal from the seasonal anomaly field); this is done in order to better capture signals in regions where overall variance is dominated by ENSO activity.
Overall, the second canonical factor is significantly correlated with observed precipitation anomalies over the central and eastern equatorial Pacific. In addition, it is negatively correlated with precipitation over the Hawaiian Islands as well as to the east of Indonesia (although the latter is not significant at the 95% level). The related 250mb divergence field, seen in Figure 3b , contains significant anomalous convergence over the central subtropical North Pacific, co-located with the negative precipitation anomalies in this region. Significant anomalous divergence is found over southern China and the western subtropical North Pacific, as well as the mid-latitude northwest
Pacific. There is also significant anomalous divergence at 150mb over the central equatorial Pacific in the region of maximum precipitation anomalies (not shown). However, there is no significant divergence/convergence over Indonesia, in agreement with the weakly correlated precipitation values seen over this region. Associated with these upper-air divergence patterns are seasonal-mean 250mb
Rossby-wave source anomalies, defined by Sardeshmukh and Hoskins (1988) , which indicate significant Rossby-wave sources over the central subtropical and extra-tropical Pacific, co-located with anomalies in the divergence fields (not shown). In addition, there is a large (but weakly significant) anti-cyclonic vorticity source over the Himalayas extending over the Yellow Sea, colocated with divergence in this region.
While both the divergence and Rossby-wave source terms suggest forcing by subtropical/extratropical seasonal mean potential vorticity anomalies, it has also been shown that both stationary and transient wave activity play an important role in maintaining seasonal-mean patterns (e.g. Hoerling et al., 1992) . To capture propagation associated with anomalous stationary wave activity, the seasonal mean 250mb F s -vectors, as defined in Plumb (1985) , are estimated. This eastward extension of the circulation patterns, and its relationship to phase changes in ENSO, is in agreement with the findings of Ose et al., (1997) , which suggested that biennial variations (as opposed to low-frequency variations) in ENSO are related in part to a similar eastward shift in the basin-scale wind anomalies. Associated with this more zonal orientation of the upper-air circulation is an enhancement of the climatological equatorward propagation of stationary wave energy over the central subtropical Pacific (Plumb, 1985) and a decrease in northward propagation to the higher latitudes; in addition there also appears to be a decrease in stationary-wave activity over North America and the Atlantic basin.
To see how the anomalous circulation may impact the subsequent evolution of the ENSO system, the second canonical factor time-series is next correlated with low-level ocean and atmosphere anomalies ( (Kidson, 1975; Rasmusson and Carpenter, 1981; van Loon and Shea, 1985; Li, 1997; Weisberg and Wang, 1997; B.Wang et al., 1999; C. Wang et al., 1999; and Chan and Xu, 2000; Vimont et al, 2003a; Vimont et al., 2003b) . In particular, the sea-level pressure anomalies in Figure 4b are in agreement with modes of sea-level pressure variability, found in both model simulations and reanalysis data, that have been shown to be significantly correlated with mature ENSO events 12-15 months later (Vimont et al., 2003a, b) . In addition, a previously 
Summary
The relationship between changes in January-March upper-air patterns and interannual variability in underlying SSTs is investigated using output from 50-plus years of NCEP Reanalysis previous results relating subtropical SLP anomalies to the development of the ENSO system (Vimont et al., 2003b; Anderson, 2003) suggests that this mode of SST/upper-air variability may influence the evolution of the ENSO system by modulating the sub-tropical high-pressure patterns found over the central Pacific and thereby establish subtropical trade wind anomalies that are conducive to initiating ENSO events the following year. Our results suggest they do so by altering the basin-scale sub-surface heat content across the central and eastern tropical Pacific. However, we do not suggest that this is the sole mechanism whereby ENSO events can be initiated; there are many additional mechanisms capable of initiating ENSO events, which are then maintained by dynamics internal to the equatorial atmosphere/ocean system (e.g. see Neelin et al., 1998 and below) .
Discussion
This note is designed to describe a mode of large-scale ocean/atmosphere variability during the boreal winter that appears to influence the evolution of the ENSO system over the following year, possibly through its modulation of the subtropical surface pressures and trade winds. It is still unclear from this research, however, what dynamic/thermodynamic role the trade winds play in the development of the ENSO system. From research presented above, we attempt to argue that the influence occurs during the boreal winter, during which time the overlying wind anomalies produce subsurface temperature and heat content anomalies in the central and eastern tropical Pacific that are conducive to initiating overlying surface temperature anomalies the following spring (for instance, Jin, 1997; Meinen and McPhaden, 2000; McPhaden, 2003) . In particular, these results are in agreement with studies that indicate boreal winter heat-content anomalies lead the SST signal and result in the initiation of SST anomalies after the boreal spring "predictability barrier" (McPhaden, 2003) . However, it is important to note that various other hypotheses have also been proposed for the initiation of equatorial Pacific SST anomalies by subtropical/extratropical ocean/atmosphere processes. For instance, recent studies (Vimont et al., 2003a; Vimont et al., 2003b) suggest that northern hemisphere wintertime sea-level pressure variability over the subtropics/extratropics, very similar to that described here, can initiate underlying subtropical/tropical SST anomalies, which then persist until the summer; during the summer period these SSTs can subsequently force the overlying atmosphere, resulting in zonal wind stress anomalies that are conducive to initiating and maintaining the Kelvin-wave structure necessary for ENSO variability in the tropical Pacific. This mechanism is diagnosed in climate models (Vimont et al., 2001; Vimont et al., 2003a ) and appears to be active in the observed system as well (Vimont et al., 2003b ). Here we suggest that the influence of this mode of variability upon the evolution of the ENSO system is not only felt during the following boreal summer, but also concurrently during the boreal winter through modifications of the underlying basin-scale subsurface structure. Alternatively, other researchers have suggested that similar anomalous pressure and wind patterns found over the central and eastern subtropical Pacific during boreal winter may instead initiate sub-surface temperature anomalies that propagate westward as Rossby waves (Chan and Xu, 2000) , then reflect at the western boundary and propagate eastward within the thermocline; these anomalies may shoal in the central and eastern
Pacific approximately 6 months later and initiate the onset of an ENSO event.
It is also possible that surface heat-flux anomalies associated with the anomalous winds may force a boreal spring basin-scale SST structure that in turn is optimal for intrinsic ENSO growth over the following 7-9 months (as envisioned by Penland, 1996) . Finally, the initiation of ENSO events may be due to concurrent wind anomalies over the western tropical Pacific, either in the form of mean tropical winds or transient westerly wind bursts, which can lead to a change in the thermocline depth in the western equatorial Pacific that propagates eastward, resulting in an ENSO event in the central Pacific (Li, 1997; McPhaden, 1999; Wang, 2001 ). However Yu et al. (2003) show that westerly wind bursts are not effective if the atmosphere over the western tropical Pacific is not properly pre-conditioned to allow for extensive fetch into the open ocean; other researchers indicate that the ocean heat content over the central Pacific also has to be pre-conditioned such that
Kelvin waves initiated by the westerly wind bursts can effectively alter the surface temperature structure (Perigaud and Cassou, 2000; Fedorov, 2002) . In these scenarios, the large-scale surface circulations associated with the mode of ocean/atmosphere variability discussed here may serve to pre-condition both the atmospheric structure (see Figure 4b) , as well as the underlying subsurface ocean structure (see Figures 4c, d ), thereby allowing other forcing mechanisms, such as westerly wind bursts, to become more effective. Needless to say, much more extensive diagnosis of the dynamic and thermodynamic response of the ocean to the overlying wind fields associated with this mode of ocean/atmosphere variability is still needed.
Another uncertainty concerns where the "forcing" for the large-scale anomalous upper-level atmospheric circulation resides. For instance, as mentioned, a similar WP-type pattern has been related to wintertime SST anomalies in the South China Sea, (Ose, 2000) , suggesting that at least part of the analyzed atmospheric variability isolated here may be related to forcing from underlying SST anomalies in the tropical Indo-Pacific region. However, other researchers have suggested this WP-like pattern may instead be related to early-winter circulation features over Eurasia (Kodera, 1998) . Alternatively, it may be a response to anomalous SSTs in the Kuroshio region (Yuleva et al.,
suggested by Vimont et al. (2001) , which is sustained by interactions between the mean circulations and stationary/transient wave activity (e.g. Chang et al., 2002) . Research designed to delineate the source of this mode of ocean/atmosphere variability is presently being conducted.
A final question that arises is whether this mode of ocean/atmosphere variability is simply related to the early stages of ENSO variability and is in turn a response to ENSO's intrinsic evolution as opposed to an initiation of that evolution. Studies of the evolution of the SST signature for the ENSO system indicate that significant SST anomalies do not typically occur until AprilMay prior to JFM ENSO events (Harrison and Larkin, 1998; Larkin and Harrison, 2002) , in agreement with the concept of a spring "predictability barrier" associated with a lack of forecast skill for ENSO-related SST evolution across the boreal spring (Webster and Yang, 1992) . In comparison, the mode of SST/upper-air variability discussed here is found in the preceding January-March period; as suggested above, during this time it may serve to initiate boreal winter heat-content anomalies and/or boreal spring optimal initial SST structures, both of which appear to overcome the "spring predictability barrier" associated with ENSO-related SST evolution (Penland, 1996; McPhaden, 2003) . Alternatively, the mode of variability discussed here may be related to the intrinsic evolution of the subsurface anomalies preceding mature ENSO events (for instance as in Jin, 1997; Li, 1997) , although how these subsurface anomalies may influence the hemispheric-scale upper-air atmospheric anomalies seen in Figure 1c is unclear; if so, however, the results presented here suggest that the mode of variability is capturing the associated large-scale ocean/atmosphere anomalies outside the tropical Pacific, which can further influence the evolution of the system. Finally, it is possible that the mode of variability discussed here is related to the atmospheric evolution of the ENSO system associated with previous June-September sea-level pressure and wind-stress anomalies over the western subtropical South Pacific and equatorial Indian Ocean, both of which have been shown to lead mature JFM ENSO events by approximately 18 months (Trenberth, 1976; Rasmusson and Carpenter, 1981; van Loon and Shea, 1985; van Loon and Shea, 1987; Clarke and van Gorder, 2003) . Correlation of the CF2 time-series with eastward equatorial wind-stress anomalies (as defined in Clarke and van Gorder, 2003) This result is similar to that found in Anderson (2003) in which the subtropical South Pacific SLP index described above and a subtropical North Pacific SLP index situated over Hawaii were found to be correlated (r=0.35); in that paper it was suggested that the two indices may represent separate, . 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 
